INTRODUCTION {#s1}
============

The *RAS* isoforms (*K-RAS, H-RAS* and *N-RAS*) have point mutations in nearly 30% of all human tumors and are small molecular weight GTPases that couple extracellular signals to intracellular effector pathways \[[@R1]\]. It is known that *K-RAS* mutation leads to constitutive K-Ras activity and is associated with stimulated autocrine production of the epidermal growth factor receptor (EGFR) ligand, amphiregulin \[[@R2]\]. The phosphatidylinositol 3-kinase (PI3K)/Akt and MEK/ERK pathways are the major effectors of oncogenic RAS involved in tumor cell clonogenic activity. Constitutive activation of these pathways leads to resistance to EGFR molecular targeting strategies such as the anti-EGFR antibody cetuximab or the EGFR-tyrosine kinase (EGFR-TK) inhibitors gefitinib and erlotinib \[[@R3]\]. Preclinical studies demonstrate that constitutive K-Ras activity leads to accelerated repair of DNA double-strand breaks (DSBs) \[[@R4]\] and increased radiotherapy resistance \[[@R5]--[@R7]\]. Clinical data indicates that most of cancer patients with *K-RAS* mutations have significantly worse recurrence-free survival and distant metastases following radiotherapy \[[@R8]\]. In a previous report, we demonstrated that, like the production of the EGFR ligand amphiregulin in *K-RAS* mutated (K-RASmut) tumor cells, \[[@R2], [@R9]\] stimulated amphiregulin secretion is also obvious in head and neck squamous (HNSCC) tumor cells overexpressing *K-RAS* wild-type (K-RASwt). Thus, K-Ras hyperactivity induces Akt activation either through an EGFR/PI3K-dependent pathway \[[@R2], [@R10]\] or through H-RAS-dependent direct activation of the PI3K pathway \[[@R11], [@R12]\].

Due to crosstalk between the PI3K/Akt and MEK/ERK pathways, the inhibition of one pathway can lead to negative feedback and reactivation of another pathway. For example, MEK signaling can restore the expression of the phosphatase and tensin homolog (PTEN), both *in vitro* and *in vivo* \[[@R13]\]. Thus, recruitment of PTEN to the cell membrane is reduced because of MEK inhibition, which results in increased PI3K accumulation and Akt activation \[[@R13], [@R14]\]. It is known that combined MEK and Akt inhibition improves antitumor efficacy *in vivo* \[[@R15]\]. We previously reported that long-term inhibition of PI3K leads to EGFR/PI3K-independent but MEK/ERK-dependent reactivation of Akt in tumor cells presenting constitutive K-Ras activity either through *K-RAS* mutation or overexpression of K-RASwt \[[@R16]\]. Reactivation of the downstream components of PI3K such as Akt leads to limited effectiveness of the PI3K inhibitor PI-103 on the clonogenicity of tumor cells \[[@R16]\].

The effect of PI3K activity on DNA repair was suggested to occur through the stimulation of DNA-PK \[[@R17]\]. In this context, it could be demonstrated that activation of the PI3K/Akt pathway after exposure to ionizing radiation leads to efficient repair of DSBs through non-homologous end joining (NHEJ) as well as homologous recombination repair pathways \[[@R18], [@R19]\]. We first reported that activated Akt-mediated DNA damage repair can be suppressed by pharmacological or genetic targeting of Akt through the inhibition of DNA-PKcs \[[@R20]--[@R22]\]. Other reports also support our findings concerning the role of PI3K and/or Akt in DSBs repair and radioresistance \[[@R18], [@R19], [@R23]--[@R27]\].

Based on the reactivation of Akt following long-term (24 h) inhibition of PI3K \[[@R16]\], in the present study, we investigated whether PI3K targeting combined with irradiation remains an effective approach to impair the radioresistance of K-RASmut cells. Our *in vitro* and *in vivo* data indicated that short-term treatment with PI-103 inhibits Akt/DNA-PKcs activity after irradiation but long-term treatment does not. This leads to diminished DSBs repair and induces radiosensitivity after short-term inhibition of PI3K. Akt reactivation disturbs the targetability of PI3K and results in DSBs repair through NHEJ. MEK/ERK-dependent reactivation of Akt following long-term treatment led us to conclude that dual targeting of PI3K and MEK might be an effective approach to block NHEJ-dependent DSBs repair in NSCLC with a point mutation in the *K-RAS* gene.

RESULTS {#s2}
=======

Long-term inhibition of PI3K leads to PI3K-independent reactivation of Akt in K-RASmut NSCLC cell lines {#s2_1}
-------------------------------------------------------------------------------------------------------

Previously, we demonstrated that long-term (24 h) treatment with the PI3K inhibitor PI-103 in tumor cells with constitutive K-Ras activity led to Akt reactivation \[[@R16]\]. In the present study, the effect of long-term inhibition of PI3K by PI-103 (24 h treatment) on the phosphorylation of Akt (S473 and T308) and its substrate PRAS40 at T246 was compared in K-RASmut NSCLC cell lines A549 and H460 with those in *K-RAS* wild-type (K-RASwt) H661 cells. Therefore, cells were treated with PI-103 (0.25, 0.5 and 1 μM) for 24 h. PI-103 did not inhibit the phosphorylation of Akt and PRAS40 in K-RASmt cells, while phosphorylation of both proteins in K-RASwt cells was inhibited in a dose-dependent manner (Figure [1A](#F1){ref-type="fig"}).

![Long-term inhibition of PI3K leads to PI3K-independent reactivation of Akt\
NSCLC cell lines were treated with the indicated concentrations of PI-103 for 24 h **A.** and LY294002 for 2 h (lanes 1 to 4) or 24 h (lanes 7 to 10), **B.** and protein samples were isolated. In panel B, after treatment with LY294002 for 2 h (lane 6) or for 24 h (lane 12), cells were stimulated with EGF (100 ng/ml, 5 min) (lanes 5, 6, 11, 12), and protein samples were isolated. The levels of P-Akt (S473, T308) and P-PRAS40 (T246) were analyzed by Western blotting. The blots were stripped and incubated with antibodies against Akt1 and PRAS40, respectively. In panel B, P-PRAS40 and PRAS40 were detected in membranes from two SDS polyacrylamide gels loaded with the same protein sample. The densitometry values in panel B represent the ratio of phospho-S473/Akt1, phospho-T308/Akt1 or P-PRAS40/PRAS40 normalized to 1 in LY294002 non-treated controls. The concentration of DMSO as a vehicle in all treatment conditions was calculated to be 0.2%.](oncotarget-07-43746-g001){#F1}

PI-103 may target mTOR in parallel to inhibiting PI3K. Because targeting mTOR complex 1 (mTORC1) by rapamycin can also lead to the reactivation of Akt \[[@R28], [@R29]\] it remains unclear whether Akt reactivity after treatment with PI-103 is due to the inhibition of PI3K or occurs due to the inhibition of mTORC1. To answer this question, the effect of LY294002 as a specific PI3K inhibitor on Akt phosphorylation was tested following 1 h and 24 h pre-treatment of A549 and H460 cells. As expected, a 1 h treatment with LY294002 inhibited the phosphorylation of Akt and PRAS40 in both cell lines in a dose-dependent manner (Figure [1B](#F1){ref-type="fig"}, lane 1 to lane 4). In contrast, treatment with LY294002 for 24 h did not inhibit the phosphorylation of Akt and PRAS40 (Figure [1B](#F1){ref-type="fig"}, lane 7 to lane 10). A 24 h pre-treatment with PI-103 may lead to the inactivation of the inhibitors and, consequently, a lack of effect on Akt activity rather than reactivation of Akt through a PI3K-independent pathway. To rule out this possibility, cells were treated with vehicle (Figure [1B](#F1){ref-type="fig"}, lane 5 and lane 11) or with LY294002 (20 μM) (Figure [1B](#F1){ref-type="fig"}, lanes 6 and 12) either for 1 h (lanes 5 & 6) or for 24 h (lanes 11 & 12), followed by stimulation with EGF for 5 min (lanes 5, 6, 11 and 12). These data indicate that EGF treatment in both cell lines led to phosphorylation of Akt (S473 and T308) (lanes 5 & 11) when compared to the non-stimulated condition in lane 1. Pre-treatment with LY294002 for 1 h inhibited basal phosphorylation as well as EGF-induced Akt phosphorylation (lane 6). Interestingly, as reflected by densitometry analysis, EGF-induced phosphorylation of Akt at S473 and T308 was completely blocked by LY294002 following 24 h pre-treatment (lane 12). This dataset indicates that PI3K activity remains blocked by PI3K inhibitors PI-103 or LY294002 during 24 h pre-treatment, and thus, reactivation of Akt is PI3K independent.

Targeting of the components of the K-RAS/MEK/ERK pathway in irradiated cells blocks PI3K-independent reactivation of Akt {#s2_2}
------------------------------------------------------------------------------------------------------------------------

Next, we examined if Akt reactivation in K-RASmut cells could be blocked by combinatorial treatment with PI3K inhibitor PI-103 and the MEK inhibitor PD98059. Akt activation was blocked by 2 h pre-treatment with PI-103 (PI), while 24 h pretreatment led to reactivation of Akt and the Akt substrate PRAS40 in A549 and H460 K-RASmut NSCLC cell lines. Treatment with PD98059 (PD) alone did not inhibit Akt and PRAS40 phosphorylation, while phosphorylation of both proteins was blocked when PD was combined with PI (Figure [2A](#F2){ref-type="fig"}).

![PI3K-independent reactivation of Akt is blocked by targeting of the components of K-RAS/MEK/ERK pathway in irradiated K-RASmut cells\
**A.** Cells were treated with PI-103 (PI) (1 μM), PD98059 (PD) (20 μM) and the combination of PI and PD for indicated time points and protein samples were isolated. **B.** Cells were treated with PI, PD or the combination of PI and PD for 24 h and were mock irradiated or irradiated with 4 Gy. Protein samples were isolated 10 min post-irradiation. **C-E.** Cells were transfected with 50 nM of non-targeting-siRNA or K-RAS-siRNA (C) non-targeting-siRNA or MEK1-siRNA (D) andnon-targeting-siRNA or ERK2-siRNA (E). Treatment with or without PI-103 (1 μM) was performed 48 h after transfection. Cells were irradiated with 4 Gy after treatment with PI-103 for 24 h. Protein samples were isolated 10 min post-irradiation. The level of P-Akt (S473), P-Akt (T308) and P-PRAS40 (T246) in the indicated experiments were analyzed by Western blotting. The blots were stripped and incubated with antibodies against Akt1 or PRAS40. In the siRNA experiments GAPDH was detected as a loading control. Densitometry values for phosphorylated Akt represent the ratio of P-Akt-S473/Akt1 and P-Akt-T308/Akt1 normalized to 1 in PI-103 non-treated controls.](oncotarget-07-43746-g002){#F2}

It is well known that clinically relevant doses of ionizing radiation (IR) also induce activation of the PI3K/Akt pathway \[[@R2], [@R30]\] and Akt activity enhances post-irradiation cell survival. Therefore, we investigated whether MEK/ERK targeting abrogates Akt reactivation following 24 h pretreatment with PI-103 in irradiated NSCLC cells. To this end, cells were treated with PI-103 (1 μM), PD98059 (20 μM) or the combination of both inhibitors for 24 h, and mock irradiated or irradiated with 4 Gy. Level of P-Akt at S473 and T308 was tested 10 min after irradiation. In A549 cells, neither PI-103 nor PD98059 blocked Akt phosphorylation. However, combination of both inhibitors completely blocked Akt phosphorylation under both un-irradiated and irradiated conditions. In H460 cells, reactivation of Akt in irradiated cells was more apparent than in un-irradiated cells. However, combination of PI-103 and PD98059 completely blocked Akt phosphorylation in both un-irradiated and irradiated cells. Likewise, no inhibitory effect of PD98059 on Akt phosphorylation could be observed. In further experiments, the dependence of Akt reactivation after 24 h of PI3K inhibition of the K-Ras/MEK/ERK pathway in irradiated cells was investigated using siRNA. Knockdown of K-Ras (Figure [2C](#F2){ref-type="fig"}), MEK1 (Figure [2D](#F2){ref-type="fig"}) or ERK2 (Figure [2E](#F2){ref-type="fig"}) led to an efficient inhibition of Akt phosphorylation by PI-103 in combination with radiation exposure.

Short-term treatment with PI3K inhibitor PI-103 inhibits radiation-induced DNA-PKcs activity {#s2_3}
--------------------------------------------------------------------------------------------

DNA-PKcs is a key enzyme involved in repair of DSBs after exposure to irradiation through NHEJ. It has been reported that activation of DNA-PKcs following irradiation leads to its autophosphorylation at S2056, which is partially dependent on Akt activity \[[@R22], [@R23]\]. Next, we tested whether short-term or long-term treatment with PI-103 differentially inhibits DNA-PKcs autophosphorylation. As shown in Figure [3](#F3){ref-type="fig"}, strong inhibition of P-DNA-PKcs was achieved by 1 h treatment with PI-103 in K-RASmut A549 and H460 cells. Figure [3](#F3){ref-type="fig"} also indicates that diminished P-Akt levels after a 1 h pre-treatment with PI-103 could be associated with the inhibition of radiation-induced DNA-PKcs-S2056 phosphorylation at 5 min and 30 min post-irradiation in A549 and H460 cells. DNA-PKcs-S2056 phosphorylation did not change after irradiation following pretreatment with PI-103 for 24 h (Figure [3](#F3){ref-type="fig"}). Exposure to ionizing radiation induced the phosphorylation of ATM and the phosphorylation of the checkpoint proteins ChK1 and Chk2 in both cell lines, which were not inhibited after PI-103 treatment (Figure [3](#F3){ref-type="fig"}). Furthermore, we investigated whether differential effect of PI-103 on DNA-PKcs phosphorylation presented in Figure [3](#F3){ref-type="fig"} is a K-RASmut specific event. To this end, K-RASwt H661 cells were treated with PI-103 for 2 h or for 24 h and irradiated with 4 Gy. Analyzing phosphorylation of DNA-PKcs at 5 min and 30 min post-irradiation revealed that PI-103 does not inhibited DNA-PKcs phosphorylation at S2056 ([Supplementary Figure S1](#SD1){ref-type="supplementary-material"}). As expected, PI-103 blocked phosphorylation of Akt after 2 h as well as after 24 h pretreatment conditions ([Supplementary Figure S1](#SD1){ref-type="supplementary-material"}).

![Long-term treatment with PI-103 leads to the lack of effect on Akt and DNA-PKcs phosphorylation after irradiation in K-RAS mutated cells\
Cells were treated with PI-103 for 1 h or 24 h and mock irradiated or irradiated with 4 Gy. Protein samples were isolated at the indicated time-points after irradiation and subjected to SDS-PAGE. The levels of P-DNA-PKcs (S2056), P-Akt (S473), P-ATM (S1981), P-Chk1 (S345) and P-Chk2 (T68) were analyzed by Western blotting. Blots were stripped and incubated with antibodies against DNA-PKcs, Akt1, ATM, Chk1 and Chk2. The densitometry values of P-DNA-PKcs/DNA-PKcs have been normalized to 1 in mock-irradiated conditions.](oncotarget-07-43746-g003){#F3}

Short-term treatment with PI-103 inhibits Akt reactivation and DNA-PKcs phosphorylation *in vivo* {#s2_4}
-------------------------------------------------------------------------------------------------

To investigate the status of Akt reactivity following short-term or long-term inhibition of the PI3K pathway *in vivo*, an A549 mouse xenograft study was performed. Mice were injected with A549 cells as described in the Materials and Methods section. Tumors were allowed to grow to a volume of approx. 250 mm^3^ (Figure [4A](#F4){ref-type="fig"}). Thereafter, mice were gavaged with 5 mg/kg of PI-103 or vehicle, and after 30 min (group A), 3 h (group B) or 24 h (group C), tumors were locally irradiated with a single dose of 4 Gy. The tumors were extracted either 30 min post-irradiation (group A and group B) or 24 h post-irradiation (group C). Protein samples were isolated for Western blotting analysis. Immunoblot analysis indicated that the phosphorylation levels of Akt (S473 and T308) as well as phospho-DNA-PKcs (S2056) were reduced in tumors from group A (Figure [4B](#F4){ref-type="fig"}). In tumors from group B, the level of Akt phosphorylation at S473 (p = 0.058) and T308 sites (p = 0.067) was not significantly affected (Figure [4C](#F4){ref-type="fig"} & the densitometry data in Figure [4F](#F4){ref-type="fig"}), but PI-103 significantly decreased the level of P-DNA-PKcs (Figure [4C](#F4){ref-type="fig"} & the densitometry data in Figure [4E](#F4){ref-type="fig"}). In group C, long-term (24 h) pretreatment with PI-103 led to enhanced phosphorylation of Akt at both phosphorylation sites (p \< 0.05) (Figure [4C](#F4){ref-type="fig"} & the densitometry data in Figure [4F](#F4){ref-type="fig"}) and a lack of inhibition of P-DNA-PKcs, analyzed at 24 h post-irradiation (p = 0.44) (Figure [4C](#F4){ref-type="fig"} & the densitometry in Figure [4E](#F4){ref-type="fig"}). Similar to the *in vitro* data (Figure [3](#F3){ref-type="fig"}), PI-103 did not inhibit ATM phosphorylation either at 30 min or at 24 h post-irradiation (Figure [4D](#F4){ref-type="fig"}). Likewise, PI-103 did not block the phosphorylation of mTOR at S2448 and S2481 in tumors from group A or from group C (Figure [4D](#F4){ref-type="fig"}).

![Long-term treatment with PI-103 leads to the reactivation of Akt and the lack of effect on radiation-induced DNA-PKcs phosphorylation *in vivo*\
**A.** Nude mice were injected with A549 (2 × 10^6^ cells) in both hind legs, and tumor diameters were measured weekly until they reached approximately 250 mm^3^. Thereafter, animals were treated with either vehicle or PI-103 (5 mg/kg) for 30 min, 3 h or 24 h, and tumors were locally irradiated with 4 Gy. At either 30 min or 24 h after irradiation, tumors were extracted, and protein samples were isolated. **B-D.** Protein expression levels of P-Akt, P-DNA-PKcs, P-mTOR and P-ATM were analyzed by Western blotting. Blots were stripped and incubated with the antibodies against DNA-PKcs, Akt1, ATM and mTOR, respectively. **E-F.** Histograms represent mean densitometry values of the ratio of P-DNA-PKcs (S2056) to total DNA-PKcs (E) and P-Akt (S473)/Akt1 as well as P-Akt (T308)/Akt1 (F) in irradiated tumors pre-treated with vehicle vs. irradiated tumors pre-treated with 5 mg/kg of PI-103, Error bars: SEM (\**P*\<0.05, Student\'s *t*-test, n = 4 tumors).](oncotarget-07-43746-g004){#F4}

Short-term inhibition of Akt leads to the retention of phosphorylated DNA-PKcs at the DSB sites {#s2_5}
-----------------------------------------------------------------------------------------------

Impairment of DNA-PKcs autophosphorylation results in DSBs repair deficiency and the lack of dissolved DNA repair proteins such as phosphorylated DNA-PKcs from DSB sites \[[@R31]\]. We previously reported an increased number of DNA-PKcs-S2056 foci co-localized with γ-H2AX in DSB sites after Akt1 knockdown \[[@R22]\]. Here, we tested whether the inhibition of DNA-PKcs phosphorylation following short-term treatment with PI-103 *in vitro* (Figure [3](#F3){ref-type="fig"}) and *in vivo* (Figure [4](#F4){ref-type="fig"}) led to persistent phosphorylation of DNA-PKcs 24 h post-irradiation. Time-kinetics analyses revealed that in cells that were pretreated for 2 h and irradiated, p-Akt was inhibited from 5 min to 4 h post-irradiation (Figure [5A](#F5){ref-type="fig"}). At 16 h and 24 h post-irradiation, reactivation of both Akt and PRAS40 was observed. Data presented in Figure [5B](#F5){ref-type="fig"} indicate that the inhibition of Akt by PI-103 at the time of irradiation blocks repair of DSBs leading to significant persistence of P-DNA-PKcs at DSB sites in both cell lines shown at 24 h post-irradiation (Figure [5B](#F5){ref-type="fig"}). A confocal microscopy study at 24 h post-irradiation confirmed the Western blot data and indicated that residual DNA-PKcs-S2056 foci are co-localized with γ-H2AX (S139) as a marker of DSBs after treatment with PI-103 for 2 h, followed by irradiation (Figure [5C](#F5){ref-type="fig"}).

![Short-term inhibition of Akt leads to the retention of phosphorylated DNA-PKcs to the DSBs site\
A. Cells were treated with DMSO and PI-103 for 2 h at different times and irradiated with 4 Gy. Protein samples were isolated from all treated cells at the same time at indicated time-points after irradiation with 4 Gy as well as from un-irradiated control and subjected to SDS-PAGE. The levels of P-Akt (S473), P-Akt (T308) and P-PRAS40 (T246) were analyzed by Western blotting. The blots were stripped and incubated with antibodies against corresponding total proteins. **B.** Cells were treated with DMSO and PI-103 for 2 h and irradiated with 4 Gy. At 16 and 24 h post-IR, levels of P-DNA-PKcs and DNA-PKcs were analyzed. The densitometry values represent the mean ratios of P-DNA-PKcs (S2056)/DNA-PKcs from 3 independent experiments. Error bars: SEM (\**P* \<0.05, Student\'s *t*-test). **C.** A549 and H460 cells were treated with PI-103 for 2 h and irradiated with 4 Gy. Twenty-four hours after irradiation, immunofluorescence of P-DNA-PKcs (S2056) and γ-H2AX was performed. Representative confocal microscopy images and related intensity graphs indicate co-localization of P-DNA-PKcs with γ-H2AX foci.](oncotarget-07-43746-g005){#F5}

Long-term inhibition by the combination of PI-103 and PD98059 inhibits DSBs repair through NHEJ and induced radiosensitization in K-RASmut NSCLC cells {#s2_6}
------------------------------------------------------------------------------------------------------------------------------------------------------

Next, we investigated whether the persistence of DNA-PKcs phosphorylation at 24 h post-irradiation in cells pre-treated for 2 h with PI-103 (Figure [5](#F5){ref-type="fig"}) is associated with non-repaired DSBs. As shown by the γ-H2AX focus assay (Figure [6A-6B](#F6){ref-type="fig"}), pre-treatment with PI-103 for 2 h but not for 24 h strongly inhibited the repair of DSBs. To test whether the lack of effect of PI-103 after 24 h pre-treatment on DSBs repair is due to the MEK-dependent reactivation of Akt (Figure [2](#F2){ref-type="fig"}), NHEJ activity and residual γ-H2AX were analyzed 24 h after treatment with the MEK inhibitor PD98059 alone or in combination with PI-103. For the NHEJ assay (Figure [6C](#F6){ref-type="fig"}), A549 cells stably expressing NHEJ repair platform were transiently transfected with a pDsRed-I-SceI expression vector with endonuclease activity. Twenty-four h after transfection, cells were treated with the inhibitor. Combined treatment significantly inhibited NHEJ activity (Figure [6C](#F6){ref-type="fig"}) and enhanced residual γ-H2AX foci in K-RASmut cells after 24 h treatment before IR exposure (Figure [6A--6B](#F6){ref-type="fig"}). Treatment with PD98059 alone for 2 h and/or 24 h or the combination of PD98059 and PI-103 treatment for 2 h did not inhibit NHEJ activity and the residual γ-H2AX foci (Figures [6A-6C](#F6){ref-type="fig"}).

![Long-term inhibition by the combination of PI-103 and PD98059 treatment inhibits DSBs repair through NHEJ and induced radiosensitization of K-RASmut NSCLC cells\
**A-E.** Cells were treated with PI-103 (1 μM), PD98059 (20 μM) and the combination of PI-103 and PD98059 for 2 h or 24 h. **A-B.** Cells were irradiated with 4 Gy and applied for analysis of residual DSBs using a γH2AX foci assay 24 h after irradiation. Images shown in Figure [6A](#F6){ref-type="fig"} are representative of residual γH2AX foci 24 h post-4 Gy in control cells or cells pretreated for 2 h or 24 h with the indicated inhibitors. The histograms shown in Figure [6B](#F6){ref-type="fig"} represent the mean number of foci per cells counted at least from 100 nuclei. **C.** Data represent the mean value of GFP expression from 6 independent experiments after 24 h treatment with DMSO, PI, PD or the combination of PI and PD in the NHEJ assay, as described in the *Materials and Methods* section. **D.** Survival fraction after 4 Gy (SF4) from clonogenic assay performed 2 h post-4 Gy. In A549 and H460 cells with 2 h pre-treatment as well as in A549 cells with 24 h pre-treatment, the SF4 value is the mean survival fraction obtained from 24 data points from two independent experiments (12 parallel data points from each experiment). In H460 cells treated for 24 h with the inhibitors, SF4 is the mean of 36 data points obtained from three independent experiments. **E.** Mean percentage of apoptosis from 9 data points obtained in 3 independent experiments, 48 h after mock irradiation or irradiation with 4 Gy in cells that were pretreated with DMSO, PI, PD or the combination of PI and PD for 2 h or 24 h.(\**P* \<0.05, \*\**P* \<0.01, \*\*\**P* \<0.001, Student\'s *t*-test); (ctrl: control, PI: PI-103, PD: PD98059); bars: SEM; n.s.: not significant.](oncotarget-07-43746-g006){#F6}

Next, we tested whether the pattern of residual DSBs presented in Figure [5B](#F5){ref-type="fig"} correlates with post-irradiation cell survival. To this aim, confluent cells were treated with PI-103 (1 μM), PD98059 (20 μM) or the combination of PI-103 and PD98059 for 2 h or 24 h and irradiated with 4 Gy. The data obtained from survival of 4 Gy (SF4) indicated that PI-103 induces radiosensitization to the same degree when administered alone or in combination with PD98059 for 2 h. Following a 24 h pre-treatment, PI-103 alone did not induce radiosensitization, but the combination of PI-103 and PD98059 significantly reduced SF4 in both A549 and H460 cells (Figure [6D](#F6){ref-type="fig"}). Likewise, pretreatment with PD98059 for 2 h or 24 h did not increase radiation sensitivity in A549 and H460 cells (Figure [6D](#F6){ref-type="fig"}). Analyzing cell cycle progression revealed that treatment with PI-103 for 24 h does not attenuate the percentage of cells in radiosensitive G2 phase (data not shown). Thus, effect of cell cycle distribution on radiosensitization can be ruled out.

We also investigated the pattern of radiosensitization by PI-103 and PD98059 in K-RASwt NSCLC cell lines HTB-182 and SK-MES-1 after 2 h and 24 h pretreatment. Pretreatment with PI-103 alone or in combination with PD98059 for 2 h induced radiosensitization of HTB-182 cells. In contrast to the effect observed in K-RASmut cells, the pattern of radiosensitization by PI-103 in HTB-182 cells was not changed after 24 h pretreatment ([Supplementary Figure S2](#SD1){ref-type="supplementary-material"}). In SK-MES-1 cells, pretreatment with PI-103 for 2 h did not induce radiosensitization, most likely through slow rate of drug uptake in this cells. However, similar to the data obtained in K-RASwt HTB-182 cells, PI-103 induced radiosensitization after 24 h pretreatment. The level of radiosensitization remained unchanged after the combination of PI-103 and PD98059. Pretreatment with PD98059 induced radiosensitization in neither of the K-RASwt cells after 2 h pretreatment. After a 24 h ptretreatmt a slight radiosensitization was observed in HTB-182 cells only ([Supplementary Figure S2](#SD1){ref-type="supplementary-material"}).

Stimulation of radiation-induced apoptosis following the combination of molecular targeting strategies with ionizing radiation could be a mechanism that may lead to radiosensitization. This is also relevant to our study because Akt phosphorylation and inactivation of the pro-apoptotic proteins BAD and caspase 9 are able to diminish apoptosis induction after cellular stress \[[@R32]\]. Thus, we tested whether apoptosis is differentially induced in irradiated cells pre-treated with PI-103 and PD98059 alone or in combination. In our apoptosis FACS analysis, the fraction of apoptotic sub-G1 cells was significantly enhanced in H460 cells (P\<0.001) but not in A549 cells 48 h after irradiation (Figure [6E](#F6){ref-type="fig"}). Interestingly, the combination of PI-103 and PD98059 with irradiation in 2 h or 24 h pretreatment slightly reduced the percentage of apoptotic cells. The combination of PI-103 and PD98059 in the un-irradiated condition markedly increased apoptosis in both cell lines, but this combination did not enhance the percentage of radiation-induced apoptosis (Figure [6E](#F6){ref-type="fig"}). The combination of PD98059 and irradiation led to significantly increased apoptosis only in A549 cells (P\<0.01). It has been shown ZSTK474, a specific class I PI3K inhibitor leads to induction of autophagy in a concentration-dependent manner \[[@R33]\]. It is also known that therapeutic dose of ionizing radiation induces autophagy in cancer cells \[[@R34]\]. Therefore, we tested whether the combination of PI-103 and PD98059 with irradiation may lead to a change in autophagy induction compared to the either of treatments alone. Data shown in [Supplementary Figure S3A](#SD1){ref-type="supplementary-material"} indicates that the conversion of LC3-I to LC3-II as an autophagy marker is not markedly changed following 24 h treatment with ether of the inhibitor. However, the combination of PI-103 and PD98059 led to enhanced level of autophagy in un-irradiated as well as in 4 Gy irradiated condition 10 min post-IR in both cell lines ([Supplementary Figure S3A](#SD1){ref-type="supplementary-material"}).

To investigate whether combination of the inhibitors with irradiation changes the pattern of autophagy at longer time-point after irradiation, cells were treated with the inhibitors for 24 h as described in [Supplementary Figure S3A](#SD1){ref-type="supplementary-material"} and irradiated 4 Gy. Twenty-four h post-irradiation protein samples were isolated and levels of P-Akt (S473) and autophagy were analyzed. Data shown in [Supplementary Figure S3B](#SD1){ref-type="supplementary-material"} indicates neither PI-1103 nor PD98059 inhibited Akt phosphorylation analyzed 48 h after treatment. However, similar to the data shown in Figure [2B](#F2){ref-type="fig"} for 24 h treatment, the combined treatment with PI-103 and PD98059 for 48 h blocked phosphorylation of Akt under both un-irradiated and irradiated condition. No difference was observed regarding the conversion of LC3-II to LC3-I in irradiated and un-irradiated cells ([Supplementary Figure S3B](#SD1){ref-type="supplementary-material"}).

DISCUSSION {#s3}
==========

We demonstrate here, for the first time, the MEK-ERK-dependent reactivation of Akt due to a 24 h inhibition of PI3K in K-RASmut NSCLC cell lines A549 and H460 *in vitro* and in A549 xenografts *in vivo*. Reactivation of Akt accelerated the repair of radiation-induced double-strand breaks (DSBs). Dual targeting of MEK and PI3K completely blocked Akt reactivation, impaired DSBs repair through NHEJ and improved radiosensitization.

Previously, we showed that targeting PI3K by PI-103 is a more effective strategy than targeting MEK to inhibit the clonogenic activity of tumor cells with constitutive K-Ras activity. Together with other reports \[[@R35], [@R36]\], this finding indicates that the survival of tumor cells expressing the K-Ras proto-oncogene mainly depends on the PI3K/Akt pathway. In general and as shown especially in xenografts of K-RASmut colorectal carcinomas, disease stabilization by MEK and PI3K inhibition might not translate into a durable therapeutic effect \[[@R37]\]. Thus, a combination of molecular targeting strategies with alternative curative cancer therapy approaches such as radiotherapy is necessary in K-RASmut cancers.

DSBs are the prime cause of cell-death induced by radiotherapy. Several reports indicate that the repair of ionizing radiation-induced DSBs and resistance to radiotherapy partially depends on the activation of the PI3K/Akt pathway *in vitro* and *in vivo* \[[@R23], [@R24], [@R26], [@R38], [@R39]\]. With regard to the specific role of Akt in DSBs repair, we were the first to demonstrate that Akt1 physically binds to DNA-PKcs and induces its activity, which is essential for the initiation, progression, and termination of the NHEJ repair pathway \[[@R20]--[@R22]\]. Thus, according to the previously described role of Akt in DSBs repair \[[@R20]--[@R22]\], and as shown in the present study, complete inhibition of Akt during irradiation leads to impaired repair of DSBs and results in radiosensitization. Likewise, the described MEK/ERK-dependent reactivation of Akt following 24 h pretreatment with PI3K inhibitors accelerates repair of DSBs and results in a lack of radiosensitization (Figure [6](#F6){ref-type="fig"}), independent of the regulation of radiation-induced apoptosis or changes in autophagy induction. It is important to note that the initial number of radiation-induced DSBs and consequently the frequency of γH2AX foci is similar in cells with and without functional Akt \[[@R21]\].

In the A549 xenograft pretreatment with PI-103, the inhibition of phosphorylation of Akt and DNA-PKcs at 30 min post-irradiation is in line with the Akt-dependent activation of DNA-PKcs \[[@R21]--[@R23]\]. In contrast, in those tumors that were treated with PI-103, Akt activity was markedly enhanced, while DNA-PKcs phosphorylation was significantly inhibited. According to the report by Raynaud *et al.* \[[@R40]\], this effect of PI-103 on DNA-PKcs phosphorylation might be due to an Akt-independent direct inhibition of DNA-PKcs \[[@R40]\]. Although direct inhibition of DNA-PKcs phosphorylation in K-RASwt H661 cells could not be shown, nevertheless according to Raynaud et al. \[[@R40]\], we propose two modes of action of PI-103 on DNA-PKcs phosphorylation after irradiation; 1) PI-103 inhibits DNA-PKcs phosphorylation through a direct inhibition of DNA-PKcs, and 2) because DNA-PKcs is a substrate of Akt \[[@R21], [@R22], [@R41]\], PI-103 reduces DNA-PKcs activity indirectly through inhibition of Akt. In this study, pretreatment with PI-103 for 24 h led to the significant reactivation of Akt followed by enhanced radiation-induced DNA-PKcs activity, leading to the lack of inhibition of DNA-PKcs by PI-103. Thus, the final effect of PI-103 on DNA-PKcs depends on the intensity of the pathways and the interplay between the two different signals. Data from A549 xenograft tumors demonstrates that the reactivation of Akt after 24 h pretreatment with PI-103 is a dominant signal. This signal is strong enough to mask the direct inhibitory effect of PI-103 on DNA-PKcs. This leads to the lack of a final effect on the DNA-PKcs activity. In contrast, as shown in Figure [4B](#F4){ref-type="fig"} and the densitometry analyses in Figure [4F](#F4){ref-type="fig"}, reactivation of activated Akt at the 3 h pretreatment time point is still not strong. Therefore, significant inhibition of DNA-PKcs phosphorylation by the PI3K inhibitor was observed. In the *in vivo* study, it was shown that Akt activity at one hour after treatment (group A) is markedly inhibited by PI-103 (Figure [4](#F4){ref-type="fig"}). At 3.5 h post-treatment (group B), phospho-Akt is not inhibited by PI-103. Even the densitometry analysis indicates a slight but not significant reactivation of Akt by PI3K inhibition at this time point. According to these data, it seems that Akt reactivation by PI-103 appears in the *in vivo* conditions at a significantly shorter time than in the *in vitro* conditions, which usually starts approximately 16 h post-treatment (Figure [5A](#F5){ref-type="fig"}). Thus, the effect of Akt reactivation on cell survival especially after irradiation *in vivo* might be more important than the effect *in vitro*.

Based on this mechanistic study, single targeting of PI3K in a K-RASmut tumor *in vivo* does not seem to be an effective approach to overcome radioresistance. Thus, combination treatment with PI3K and radiotherapy may not improve treatment outcome. The alternative approach will be co-targeting of PI3K and MEK combined with standard radiotherapy as shown in the present study *in vitro*. The effectiveness of the combination of PI3K and MEK inhibitors with radiotherapy in our study is in line with the data obtained by Williams *et al.* \[[@R42]\] using pancreatic cancer cells treated with a similar strategy. In this context it is important to know that 90% of cancers present a *K-RAS* mutation \[[@R43]\]. Williams *et al.* \[[@R42]\], however, did not investigate the crosstalk between the two pathways and the mechanism of action of the combination of PI3K and MEK inhibitors with radiotherapy \[[@R42]\].

As summarized in Figure [7](#F7){ref-type="fig"}, our study revealed that short-term treatment with PI-103 inhibits Akt reactivation and DNA-PKcs phosphorylation following radiotherapy in K-RASmut NSCLC tumors. We also demonstrate a mechanism that impairs the efficacy of PI3K targeting to improve the response of K-RASmut tumor cells to radiotherapy. Thus, to our knowledge, this is the first study to exhibit that dual targeting of PI3K and MEK provides an effective strategy to overcome the therapeutic resistance of currently available PI3K inhibitors combined with irradiation in K-RASmut cancers.

![A model illustrating the signaling pathways involved in post-irradiation cells survival of K-RAS mutated NSCLC cells\
**A.** K-RAS mutation activity enhances NHEJ repair through Akt leading to radioresistance. **B.** Short-term inhibition of PI3K leads to inhibition of DNA-PKcs and radiosensitization. **C.** While long-term treatment reactivates Akt which mediates radioresistance. **D.** Long-term dual-targeting of PI3K and MEK is an efficient approch to block Akt reactivation and improve radiotherapy outcome.](oncotarget-07-43746-g007){#F7}

MATERIALS AND METHODS {#s4}
=====================

Antibodies and reagents {#s4_1}
-----------------------

Antibodies against phospho-Akt-S473 (Cat. \# 9271), phospho-Akt-T308, (Cat. \# 9275), phospho-PRAS40-T246 (Cat. \# 2997), PRAS40 (Cat. \# 2691), phospho-ERK1/2-T202/Y204, (Cat. \# 4377), ERK1/2 (Cat. \# 4695), P-ATM (S1981) (Cat. \# 5883), ATM (Cat. \# 2873), phospho-ATR-S428 (Cat. \# 2585), ATR (Cat. \# 2790) phosphospho-Chk1-S345 (Cat. \# 2341), Chk1 (Cat. \# 2360), phospho-Chk2-T68 (Cat. \# 2197), Chk2 (Cat. \# 6334), phospho-mTOR-S2448 (Cat. \# 2971), phospho-mTOR-S2481 (Cat. \# 2974) and mTOR (Cat. \# 2983) were purchased from Cell Signaling (Frankfurt, Germany). Phospho-DNA-PKcs-S2056 (ab18192) and DNA-PKcs (Cat. \# ab1832) antibodies were purchased from Abcam (Cambridge, UK). PI-103 (Cat. \# P-9099) was purchased from LC laboratories (Woburn, MA, USA). The PI3K inhibitor LY294002 (Cat. \# 440202) was purchased from Merck KGaA (Darmstadt, Germany). Anti-phospho-Histone H2AX (Ser139) (Cat. \# 05-636) antibody was purchased from Merck Millipore (Darmstadt, Germany). LC3 antibody (Cat \# 5F10) was purchased from nanoTools (Teningen, Germany).

Cell lines {#s4_2}
----------

The established K-RASmut NSCLC cell lines; A549 (ATCC, CCL-185™), H460 (ATCC, HTB-177™) and K-RASwt NSCLC cell lines H661 (ATCC, HTB-183D™), HTB-182 and SK-MES-1 were used. An authentication test for A549 and H460 cells was performed by Multiplexion (Immenstaad, Germany). Cells were cultured in DMEM (A549, HTB-182 and SK-MES-1) or RPMI-1640 (H460 and H661) (Gibco) routinely supplemented with 10% FCS and 1% penicillin-streptomycin and incubated in a humidified atmosphere with 93% air/7% CO~2~ at 37°C. Cells were regularly tested for mycoplasma contamination. A549 cells stably transfected with NHEJ reporter constructs were kindly provided by Dr. Malte Kriegs (Laboratory of Radiobiology and Experimental Radiooncology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany).

Flow cytometric analysis of apoptosis and clonogenic assay {#s4_3}
----------------------------------------------------------

Cells were seeded in 60 mm culture dishes (75×10^3^/dish) and 24 h later were treated with DMSO, PI-103 (1 μM), PD98059 (20 μM) or the combination of PI-103 and PD98059. The final concentration of DMSO in all conditions was adjusted to be similar (0.1%). At 2 h or 24 h post-treatment, cultures were mock irradiated or irradiated with 4 Gy. Forty-eight hours after irradiation, cells were prepared for FACS as described earlier \[[@R21]\]. To investigate the effect of the PI3K inhibitor PI-103 alone or in combination with the MEK inhibitor PD98059 on post-irradiation cell survival, a clonogenic assay was performed. To this end, confluent cells were treated with DMSO, PI-103 (1 μM), PD98059 (20 μM) or a combination PI-103 and PD98059 for 2 h or 24 h. Thereafter, cells were irradiated with 4 Gy and plated in 6-well plates 2 h post-irradiation. Ten to 12 days later, the culture dishes were stained with 0.05% w/v crystal violet solution, and the clonogenic fraction of irradiated cells was calculated \[[@R20]\].

SiRNA transfection, protein extraction and western blotting {#s4_4}
-----------------------------------------------------------

Cells were transiently transfected with 50 nM siRNA against K-RAS (Dharmacon, \#M-005069), MEK1 (Cell Signaling, \#6423), ERK2 (Darmacon, \#M-003555) or non-targeting siRNA (Dharmacon, \#D-001810) using lipofectamine or lipofectamine RNAiMAX according to the manufacturer\'s instructions (Life Technologies, Darmstadt, Germany). Immunoblot analysis was conducted with the transfected cells three days after transfection. To analyze protein expression and activity after the indicated treatments in each experiment, cells were washed twice with PBS and then lysed with lysis buffer \[[@R30]\]. Immunoblotting was performed as previously described \[[@R4]\].

Non-homologous end-joining repair assay {#s4_5}
---------------------------------------

A NHEJ repair assay was performed in A549 cells stably transfected with NHEJ reporter constructs as described previously \[[@R44], [@R45]\]. In brief, cells were transiently transfected with 1 μg of the p-I-SceI expression vector by electroporation using an Amaxa nucleofector II device. Twenty-four h after transfection, confluent cells were treated with inhibitors. After an additional 24 h, cells were harvested, and the percentage of GFP positive cells was determined using a flow cytometer.

γH2AX foci assay and confocal microscopy {#s4_6}
----------------------------------------

A γH2AX foci assay was used to determine the amount of residual DSBs as described earlier \[[@R20]\]. In brief, confluent cells grown on chamber slides were treated with inhibitors as described for the clonogenic assay. Cells were irradiated with 4 Gy and were fixed after 24 h and permeabilized by 0.2% Triton X-100. Thereafter, samples were blocked with PBS/3% BSA and incubated with anti-phospho-histone H2AX antibody for 1 hour followed by washing and incubation with second antibody. After washing, slides were mounted using VECTASHIELD Mounting Medium with 4′, 6-diamidino-2-phenylindole (Vector Laboratories, Peterborough, UK). The slides were viewed at 400x magnification on a fluorescence microscope (Axioplan 2, Zeiss); residual γ-H2AX foci were counted and graphed.

To perform confocal microscopy, cultured cells on culture slides were irradiated with 4 Gy following 2 h pre-treatment with PI-103 and fixed with periodate-lysine-paraformaldehyde 24 h after irradiation. For immunofluorescence analysis, cells were incubated with mouse anti-P-H2AX (S139) and rabbit anti-phospho-DNA-PKcs (S2056) antibodies at room temperature for one hour. Bound antibodies were visualized by incubation with a Cy3-donkey anti-mouse and Cy5-donkey anti-rabbit antibodies for 30 min. Nuclei were stained with YO-PRO and analyzed with a confocal laser scanning microscope (Leica TCS SP, Leica Microsystems, Bensheim, Germany).

Mouse human tumor xenografts {#s4_7}
----------------------------

Athymic nude mice (4- to 6-week-old males) were obtained from Harlan Laboratories. All animal procedures and maintenance were conducted in accordance with the institutional guidelines of the University of Wisconsin. Mice were injected with A549 (2 × 10^6^ cells) in both hind legs, and tumors were allowed to grow to approximately 250 mm^3^. Mice were randomized and gavaged with either 5 mg/kg of PI-103 or vehicle (1% DMSO + 30% polyethylene glycol + 1% tween 80 in PBS). Tumors were locally irradiated with an XRAD320 (Precision X-RAY, Branford, CT, USA), with a single dose of 4 Gy at 30 min, 3 h or 24 h post-treatment with PI-103. Mice pretreated with PI-103 for 30 min (group A) and 3 h (group B) were euthanized 30 min after irradiation, while those mice pretreated with PI-103 for 24 h 3 h (group C) were euthanized 24 h after irradiation. Tumors were harvested, and protein samples were isolated for Western blotting.

Statistics and densitometry {#s4_8}
---------------------------

Student\'s *t*-test was used to compare the data between two groups. *P* \< 0.05 was considered statistically significant (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 001). Densitometric quantifications of the immunoblots were performed with *ImageJ* software (<http://rsbweb.nih.gov/ij/>).
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